During shell formation, little is known about the functions of organic matrices, 2 especially about the biomineralization of shell prismatic layer. We identified a novel gene, 3 shelk2, from the Pacific oyster presumed to be involved in the shell biosynthesis. The 4 Pacific oyster has multiple copies of shelk2. Shelk2 mRNA is specifically expressed on the 5 mantle edge and is induced during shell regeneration, thereby suggesting that Shelk2 is 6 involved in shell biosynthesis. To our surprise, the database search revealed that it encodes 7 a spider silk-like alanine-rich protein. Interestingly, most of the Shelk2 primary structure is 8 composed of two kinds of poly-alanine motifs-GXNA n (S) and GSA n (S)-where X denotes 9
Introduction 1
Molluscan shells are known to be made of CaCO 3 crystals, and their shapes differ 2 according to species. However, the mechanism by which these shells are synthesized is yet 3 unclear. They are among the most extensively studied biominerals and are composed of 4 various types of layers, including periostracum, foliate, cross-lamellar, prismatic, and 5 nacreous (Mann, 2001; Wilt et al., 2003; Marin et al., 2008) . Organic matrices such as 6 polysaccharides and proteins can affect the diversity of shell shapes by arranging the CaCO 3 7 crystals in a specific manner. Some proteins such as Aspein (Tsukamoto et al., 2004) , To identify other essential proteins involved in shell biosynthesis, we focused on the 20 mantle instead of the shell. Miyamoto et al. (1996) showed that the mantle edge is known to 21 synthesize the calcite of the prismatic layer. We cloned certain mantle edge-specific genes 22 from the Pacific oyster Crassostrea gigas by using a subtractive hybridization method. We 23 succeeded in identifying two novel genes specifically expressed on the mantle edge.
24
Unexpectedly, the deduced amino acid sequences of both the resulting proteins were found to 25 pg. 4 be highly homologous to those of spider silk proteins. Thus, we termed these oyster genes 1 "shelk," meaning silk-in-the-shell, and designated these proteins as Shelk1 and Shelk2. Our 2 attempts to characterize both these genes have shown that they are indeed expressed in the 3 mantle edge. First, we partially excised the edge of the prismatic layer of the oyster shell to 5 observe shell regeneration (Fig. 1) . After 24 h, the mantle edge appeared at the dissected 6 area of the shell for regeneration and began to construct a film-like shell framework structure, 7 which is considered a part of the new shell. This fresh shell framework structure grew with 8 time, and had covered the broken area within 5 days of cutting.
9
In the present study, we report the structure of Shelk2, while we are currently 10 pursuing the structural analysis of Shelk1. The full-length cDNA sequence of shelk2 11 (GenBank ID: AB474183) was obtained from mRNA specifically expressed at the mantle 12 edge of the Pacific oyster. We obtained an 894-bp fragment with a coding sequence (CDS) 13 corresponding to 297 amino acids of the deduced protein sequence (Fig. 2) . From the 14 results of 5′ and 3′ RACE-PCR and genome walking, the CDS of shelk2 was mapped into a 15 single exon (exon 2). A sequence of 16 amino acids at the N-terminus is thought to 16 represent a putative signal peptide on the basis of the results obtained using the SignalP 4.0 17 (http://www.cbs.dtu.dk/services/SignalP/). The deduced amino acid sequence has 12 18 poly-alanine (poly-Ala) repeat motifs, 3 repeats of which are accompanied by PYYGFNLGG 19 (Fig. 3a) . Each poly-Ala motif has a series of 6-10 Ala residues, and sometimes, a Ser at 20 the C-terminus or middle of the motif. These poly-Ala motifs do not exist as a single motif 21 in Shelk2.
22
The results of Protein BLAST (blastp) homology searches of Shelk2 against the default searching conditions at the expect threshold (E ≤ 10). However, typical poly-Ala 1 motifs have been reported in the silk proteins of spiders and some insects. For example, a 2 spider dragline silk fibroin, Spidroin 2 of Nephila clavipes (GenBank ID: M92913), has 3 almost the same length of a series of poly-Ala motifs (Fig. 3b) . To elucidate whether shelk2 is involved in shell biosynthesis, we examined mantle 7 tissue by in situ hybridization for the expression of shelk2 mRNA during shell biosynthesis.
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As a result, we determined that shelk2 mRNA was specifically expressed in the outer fold of 9 the mantle edge ( Fig. 4) , an area known to express genes involved in the biosynthesis of the 10 prismatic layer of the shell (Miyamoto et al., 1996) . Furthermore, the expression of shelk2 11 mRNA gradually increased during the shell biosynthesis process, before the shell framework 12 structure covered the dissected shell area (Figs. 1 and 4) . mRNA expression level at 12 h 13 was higher than those at 0 h, and further increased until 72 h. Taken together, we assume 14 that Shelk2 is involved in the biosynthesis of prismatic layers in the oyster shells. (Fig. 5) , thereby suggesting the presence of multiple gene structures of shelk2. As a 20 result of genome waling, we actually cloned 7 other distinct shelk2-like genes with 1-12 base 21 nucleotide displacement (GenBank ID: AB526832-AB526838). 
Homologous gene searching of shelk2 24
To verify the distribution of shelk2 among marine organisms, we performed PCR 25 pg. 9 analysis on the following marine organisms containing biominerals: Iwagaki oyster (a species 1 related to the Pacific oyster), clam, Japanese scallop, sea urchin, and sponge. As a result, 2 we obtained a 987-bp fragment encoding the CDS from Iwagaki oyster corresponding to 328 3 amino acids of deduced protein sequence (GenBank ID: AB474184). Because of high 4 amino acid sequence identity (67.4%) with the Pacific oyster Shelk2, and conservation of the 5 poly-Ala motifs and 3 repeats of the characteristic PYYGFNLGG motif, it is strongly 6 suggested that the cloned gene from Iwagaki oyster is an ortholog of shelk2 from the Pacific 7 oyster (Fig. 3a) . However, we have failed to clone any additional orthologs from sea urchin, 8 sponge, or other bivalves. 9 10 4. Discussion 11 We identified a novel gene that encodes a spider silk-like protein termed Shelk2 that 12 harbors 2 unique types of poly-Ala repeat motifs: a GSA n (S) and GXNA n (S) motifs, where X 13 indicates Gln, Arg, or no amino acid. Each type consists of a series of 6-10 Ala residues, 14 some of which are interspersed with Thr and/or Ser residues. In addition, we identified 3 15 repeats of the novel motif PYYGFNLGG, followed by the GSA n (S) type poly-Ala motif in 16 Shelk2. Importantly, both poly-Ala motifs do not exist as a single motif in Shelk2 (Fig. 3a ).
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The GSAn(S) type motif was identified in various spider dragline silk proteins such 18 as Spidroin 2 of N. clavipes (GenBank ID: M92913) (Hinman and Lewis, 1992), and 19 fibroin-4 of Araneus diadematus (GenBank ID: U47856) (Guerette et al., 1996) . It was also 20 found in the molluscan protein MSI60 of the pearl oyster P. fucata (GenBank ID: D86074) 21 (Sudo et al., 1997) . Thus, Shelk2 and MSI60 could be classified as poly-Ala 22 sequence-containing proteins, although they differ in the following 3 characteristics: (i) The 23 molecular weight of MSI60 is 60 kDa, while that of Shelk2 is 25.6 kDa; (ii) MSI60 has 24 Asp-rich regions that may enable Ca 2+ binding, whereas Shelk2 lacks regions rich in anionic 25 pg. 10 amino acids; and (iii) Shelk2 has unique PYYGPLNGG motifs, whereas MSI60 does not.
1 These findings suggest that Shelk2 and MSI60 share similar but distinct functions in the 2 process of shell biosynthesis. The results of RT-PCR (data not shown) and in situ 3 hybridization (Fig. 4) revealed that both Shelk2 and MSI60 mRNAs are specifically 4 expressed on the mantle edge (Sudo et al., 1997) , which is involved in the formation of shlek2-like genes in its genome. 1% agarose gel was used for the analysis. 
